This study reinvestigated the synthesis of cellulose in vitro with a well-known cellulose-producing bacterium, Gluconacetobacter xylinus. Alkylmaltoside detergents, which are more frequently used in recent structural biological researches, are uniquely used in this study to solubilize cellulose-synthesizing activity from the cell membrane of G. xylinus. Activity comparable to that previously reported is obtained, while the synthesized cellulose is crystallized into a non-native polymorph of cellulose (cellulose II) as well as the previous studies. In spite of this failure to recover the native activity to synthesize cellulose I microfibril in vitro, the product is a polymer with a degree of polymerization greater than 45 as determined by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS). It was thus concluded that the established protocol can solubilize cellulose-synthesizing activity of G. xylinus with polymerizing activity.
Introduction
Living organisms produce up to 10 billion tons of cellulose each year, and cellulose is considered to be the most promising source of biorefineries and biofuel. Such massive cellulose production means that the ability to synthesize cellulose is beneficial to the organisms that acquired this ability through evolution. This may be because cellulose naturally exists as a nanofiber, the cellulose microfibril. The most striking example will be seen in plant cell walls, where the microfibrils can create a framework rigid enough to support a 100-m tall tree.
Therefore, it is very clear that the cellulose synthesizing enzyme, cellulose synthase, must not only polymerize glucose residues but also spin the polymeric b-glucan chain into a microfibril. Such a complicated process is realized by the cellulose synthase complex, which is visualized as the terminal complex (TC) at the tip of the cellulose microfiber on cell membranes. [1] [2] [3] Consistent with this observation, cellulose synthesizing activity is biochemically located in the cell membrane, 4, 5 and the gene of the catalytic subunit, cesA, encodes transmembrane (TM) protein with eight putative TM helices. 6, 7 In addition, many studies have suggested that cellulose synthase is a hetero-subunit complex. 7 A bacterial homologue often plays an important role for studying complicated membrane proteins, [8] [9] [10] because it is easier to handle and functions well enough to help understand their key functions. For studying cellulose biosynthesis, Gluconacetobacter xylinus (formerly Acetobacter xylinum), a Gram-negative bacterium, has been a popular model organism. Indeed, the first cesA gene was found in this bacterium, 11, 12 and originally named bcsA (bacterial cellulose synthase A); hereafter in this article, we will refer to bcs in G. xylinus as gxces according to the proposed nomenclature convention. 6 The gxcesA gene is followed by three open reading frames, gxcesB, gxcesC, and gxcesD (formerly bcsB, bcsC, and bcsD, respectively), which form an operon and are thought to function as a complex with gxcesA.
12,13
Furthermore, cellulose-synthesizing activity can be isolated from G. xylinus, which actually allowed for the purification of cellulose synthase proteins, GxCesA and GxCesB. 14, 15 Mutagenesis studies of G.
xylinus demonstrated that nonfunctional mutants of both GxCesC and GxCesD can synthesize cellulose in vitro but not in vivo. 12 These data show that GxCesA and GxCesB proteins are necessary subunits for cellulose biosynthesis. We reinvestigated in vitro cellulose biosynthesis using G. xylinus as an experimental model. Particularly alkylmaltoside was 0008-6215/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.carres.2011.09.031 tested as a detergent to solubilize the cellulose-synthesizing activity in the cell membrane. An alkylmaltoside has been used more frequently in recent structural biological researches of membrane proteins, 16 and should be of help in our structural biological studies of cellulose synthase. We first checked the cellulose-synthesizing activity in the alkylamaltoside extract from the cell membrane in comparison with the previously used detergents, digitonin and Triton X-100. Then the in vitro synthesized cellulose was analyzed by an electron microscope, by electron/X-ray diffraction, by Fourier-transform infrared (FTIR) spectroscopy and by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS).
Results

Modification of the in vitro synthesis of cellulose with G. xylinus
In previous studies, TME buffer (50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , and 1 mM EDTA) was used together with PEG-4000 to isolate the cellulose-synthesizing activity. 4, 17 PEG is a protein precipitant, and may bring unrelated proteins during purification that interfere with subsequent experiments. Thus, we removed PEG from the buffer to allow for further analysis of the obtained cellulose-synthesizing activity. In addition, the buffer in this study was prepared with 3-morpholinopropane sulfonic acid (MOPS), a buffer introduced by Good and colleagues in the 1960s, which recent studies used to improve results. For example, recombinant cotton CesA protein can synthesize longer cell-oligosaccharides in MOPS buffer than in Tris buffer. 18 As some of Good's buffers like MOPS or PIPES
(1,4-piperazinediethane sulfonic acid) were used for in vitro cellulose synthesis, [19] [20] [21] [22] we expected that Good's buffers will improve the isolation of cellulose-synthesizing activity from G. xylinus. Thus, we used MOPS-buffer without PEG to extract cellulose-synthesizing activity from G. xylinus membrane by detergent.
To solubilize the cellulose-synthesizing activity in this study, we checked six detergents including the alkylmaltosides, n-decylb-maltoside (DM), n-undecyl b-maltoside (UDM), and n-dodecyl b-maltoside (DDM), as well as 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC), together with the previously used detergent digitonin and Triton X-100 14, 17 for comparison. The concentration of detergent was optimized roughly between 0.2% and 2.0%. The reaction was conducted for 1 h to count the activity until the synthesizing-reaction almost stopped. As shown in Table 1 , the specific activity of any detergent extract is significantly higher than that of membrane (P <0.05 at least). Among these detergents, the alkylmaltoside is very valuable because it is one of the promising detergents for membrane proteins in structural biology, 16 and it is shown that PEG-free buffer is available to isolate the activity. Thus this protocol should be quite useful for studying cellulose synthase in detail, like structural biology, enzymatic analysis, and other direct studies of cellulose synthase. The rise in specific activity through the biochemical process is, in many cases, attributed to the enrichment of activity or related protein(s). Nevertheless, a careful survey of the data does not support that. The increase in specific activity is probably accounted for by the increase of 'total activity' by solubilization (except for digitonin and DHPC) as shown in Table 1 . It is very surprising that solubilization gives rise to more total activity than does the membrane, because solubilization in general prepares less protein than does the membrane. The most likely interpretation is that solubilization enhances the cellulose-synthesizing activity in the cases of Triton X-100, DM, and DDM. In contrast, digitonin and DHPC provide higher specific activities without significant increase of total activity, implying that the enrichment of enzymatic activity by these detergents is more evident.
Electrophoresis analysis
As shown by the activity assay, digitonin and DHPC give rise to less cellulose-synthesizing activity in the extract in spite of its selective solubilization. Western blotting clearly supported this result, showing that the digitonin extract has less GxCesA and GxCesB proteins, the subunits necessary for in vitro cellulosesynthesizing activity of G. xylinus. On the other hand, more GxCesA and GxCesB are found in the detergent extract of Triton X-100, DM, and DDM, which has more total activity as shown in Table 1 . Thus it is supposed that GxCesA and GxCesB proteins are necessary for the in vitro activity of cellulose synthesis, and probably form a complex together in G. xylinus. Western blotting with antibodies against GxCesC and GxCesD showed that the former is not solubilized and the latter is solubilized, whichever detergent is used in this study, especially Triton X-100, DM, and DDM, as well as GxCesA and GxCesB.
Structural analyses revealed that the in vitro product is cellulose II
In this study, we conducted structural analyses mainly for the cellulose synthesized by DM and DDM extracts because of sufficient amounts of samples, although electron microscopy with negative staining was carried out for all the detergents. Electron micrographs with negative staining clearly showed that the products synthesized in vitro are not in the form of microfibrils, but are aggregates of particles approximately 30 nm in size (Fig. 2) . These globular aggregates are also observed by cryo-electron microscopy in flash-frozen vitreous reaction samples (Fig. 3) . The dense part at the center of the aggregation seems to be cellulose aggregates, while the peripheral part is less conclusive. The in vitro synthesized cellulose is unlikely to be aggregated by drying, but likely it exists as an aggregation already when released from enzyme in aqueous solution. Electron diffraction diagrams of these products are shown in Figure 4 , and two diffraction rings corresponding to 0.45 and 0.41 nm d-spacings are typically observed in both the DM and DDM samples. These values are somewhat larger than dspacings of 1 1 0 and 0 2 0 diffraction calculated from the unit cell of cellulose II, 23 and the other major equatorial diffraction of 1 1 0 ring is not visible. Nonetheless, the pattern is explained as that of cellulose II, and wide-angle X-ray diffraction and FTIR spectroscopy support this interpretation (see below). X-ray diffraction and FTIR spectroscopy provide an averaged view of the structure, and both clearly showed that the product synthesized in vitro is cellulose II when Triton X-100, DM, and DDM are used. Three major diffraction peaks observed by X-ray diffraction are clearly characteristic of cellulose II, each of which corresponds to 1 1 0, 1 1 0 and 0 2 0 ( Fig. 5A and Table 2 ). As well, FTIR spectroscopy clearly shows substantially the same spectrum as mercerized bacterial cellulose, indicating that the product is cellulose II (Fig. 6 ). Thus, our study confirmed that a non-native form of cellulose II is produced even when an alkylmaltoside is used for solubilizing the activity from the cell membrane, as well as classical detergents in the previous studies. 17, 24 Accordingly, it is now clearly shown that electron diffraction diagrams in Figure 4 result from a cellulose II crystal with a preferential orientation, which brings the (1 1 0) plane out of the Bragg condition while keeping (1 1 0) and (0 2 0) in the condition. This orientation rules out the possibility that cellulose chains are packed perpendicularly in the product, and suggests that the chains are laid in the product. Thus the in vitro synthesized cellulose by detergent extract is quite different from the enzymatically synthesized cellulose by reversed reaction or glycolsynthase, [25] [26] [27] in which the perpendicularly packed cellulose chains are often found.
In this study, two standard samples of cellulose II are prepared from the bacterial cellulose (BC) of G. xylinus: regenerated and mercerized cellulose. These two samples, both of which gave typical X-ray diffraction of cellulose II (Fig. 5A, c, and d) , show different diffraction profiles from each other, reflecting differences of the fine structure and its crystallization mechanism. X-ray diffraction of the in vitro synthesized cellulose from either the DM or DDM extract is much sharper than that from the regenerated cellulose, and it is fairly sharper than the mercerized example (Fig. 5A ). Careful comparison with the mercerized BC showed that the crystal size of the (1 1 0) plane of the in vitro product was clearly larger than that of the mercerized sample ( Fig. 5B and Table 2 ). FTIR spectroscopy also showed that the cellulose synthesized in vitro gives slightly but significantly sharper spectra than those of the mercerized BC, especially in the OH-stretching region (3000-3600 cm À1 ), indicating that hydrogen bonding is better ordered in the in vitro synthesized cellulose. This is quite consistent with the stronger 1 1 0 ring observed by X-ray diffraction, since highly ordered hydrogen bonding that stacks the molecular sheets corresponding to the (1 1 0) plane would produce such results.
MALDI-TOFMS revealed that the in vitro product is a polymer rather than an oligomer
MALDI-TOFMS is a commonly used method for analyzing polymers, including polysaccharides. 28, 29 The mass spectrum of the ) and the fingerprint region (1200-900 cm
À1
). The standard deviation is indicated in parentheses.
in vitro synthesized cellulose by MALDI-TOFMS shows a dehydrated glucose series (interval of m/z 162) as a sodium adduct, and sometimes also as the dehydrated sodium adduct, clearly demonstrating that the product is a glucan (Fig. 7) . Although a whole distribution of DP could not be seen, a series of signals was seen up to m/z 7500, corresponding to DP 45 of a glucan. The mass spectrum from mercerized Avicel PH-101 was also significant up to m/z 7500. The DP of Avicel PH-101 is approximately 200, 30 strongly indicating that the MALDI conditions used in this study cannot measure masses higher than the DP 45 of cellulose. However, the DP 45 sample is already much higher than those synthesized by the reversed reaction of degrading enzymes. 26, 27, 31, 32 It will be very important to verify whether the DP of the in vitro synthesized cellulose is as high as 3000, the value of native bacterial cellulose, 33 for example, by viscosity measurements.
Discussion
This study clearly showed two meaningful modifications of the protocol for extracting the cellulose-synthesizing activity in G. xylinus: (i) removal of PEG from the buffer and (ii) solubilization of the membrane proteins by an alkylmaltoside. PEG precipitates macromolecules including anything unrelated in the system, and it is definitely not preferable for further analyses. Alkylmaltoside is the most frequently used detergent for protein purification to crystallize membrane proteins, 16 so less interference with cellulosesynthesizing activity is expected. Thus, the system reported in this study is very preferable for studying cellulose biosynthesis in detail, for example from the standpoint of immuno-precipitation and structural biology. Cellulose synthase is known to form a complex in the cell membrane, and it is visually observed by freeze replica electron microscopy as a linear type TC in G. xylinus. 34 Such an ordered arrangement of proteins usually requires specific inter-and/or intra-subunit interactions, and could be disintegrated in mixed micelles after detergent solubilization. Thus the alteration of cellulose synthase activity would be two-fold: disintegration of the complex and release from the lipid bilayer. Consequently cellulose synthesis in the presence of detergent is less controlled, leading to the formation of cellulose II, the most thermodynamically stable crystallographic polymorph of cellulose, 35 instead of spinning a cellulose I microfibril. The apparent enhancement of activity by detergent solubilization, as observed in this study, may result from less control of the enzyme or 'partial denaturation'. In other words, free energy will be necessary for the spinning function. We believe that the spinning function is actually a part of cellulose synthase, and it must be realized with a supermolecular complex of membrane proteins. Important subunits for either the spinning or crystallization step will be GxCesC and GxCesD as discussed previously. 13 X-ray crystallographic analysis clearly shows that GxCesD is a dimer of two tetrameric subunits through which four cellulose chains are likely to pass, 36 and a nonfunctional gxcesD mutant of G. xylinus synthesizes less cellulose with irregular fiber formation and crystallization in vivo. 12, 13, 36 This protein was heterogeneously expressed as a soluble protein in this X-ray crystallographic study, and does not contain an apparent hydrophobic patch in its amino acid sequence. Nevertheless as shown by Western blotting in Figure 1 , GxCesD is isolated together with the membrane, and the partial denaturation (cellulose II formation) occurs in the presence of GxCesD in the detergent extract (Fig. 1 ). These data mean that GxCesD may be incorporated in cellulose synthase complex by protein-protein interaction with any of the GxCesA, GxCesB, GxCesC or other subunits, which will be easily disintegrated. Considering that GxCesC is not solubilized in the detergent extract in this study ( Fig. 1) , GxCesC might link GxCesD with the GxCesAB complex. GxCesC is hypothesized to extrude synthesized cellulose chains, 13 and probably functions concertedly with GxCesD. Thus GxCesC is one of the candidates for the missing piece(s) to reconstruct the full complex of G. xylinus cellulose synthase in vitro, as well as the reconstitution in the lipid membrane. Crystallization is considered to be an important step in cellulose biosynthesis. Then it is very interesting that the cellulose II synthesized in vitro in this study has higher crystallinity than regenerated and mercerized BC. Regenerated cellulose is crystallized from the solution state, and is thus considered as a typical example of the crystallization in thermodynamic equilibration, and then the more ordered molecular arrangement in the in vitro cellulose II, shown by X-ray diffraction (Fig. 5A) , is very characteristic. When compared with the mercerized cellulose, the crystal size of (1 1 0) plane is larger than that of cellulose II prepared by mercerizing the original BC, whereas the difference is less clear in the other equatorial lattice planes (1 1 0) and (0 2 0) (Fig. 5B) . The (1 1 0) plane is virtually a molecular sheet stacked by hydrophobic interactions, and then pulled together by hydrogen bonding to form cellulose II crystallite. 23, 37 Then more ordered hydrogen bonding observed in the IR spectra will be associated with larger number of (1 1 0) lattice planes in the crystal, which accounts for the observed larger crystal size of (1 1 0). Whatever the mechanism is, the crystallization that occurs in the in vitro synthesis in this study is quite unique and completely different from those seen in regeneration or mercerization of cellulose.
Comparisons with artificial cellulose synthesis show how unique the polymerizing activity is. Several studies have shown that the artificial synthesis of cellulose (not cellulose derivatives) is possible by reversing the degradation reaction performed by hydrolases and phosphorylases. [25] [26] [27] 31, 32 Notably, the cellulose synthesized by this method has a DP of 10-20, clearly shorter than the cellulose synthesized in this study. This observation is very insightful, since there are no substantial differences in the chemical mechanisms between these two systems: glucose/cellobiose is successively linked when a leaving group at C1 of the sugar is in proximity to the acceptor cellulose molecule. This means that the and DDM-(B) extracts, and cellulose II prepared by alkaline treatment of commercially available cellulose Avicel PH-101 (C). The number of DP is indicated above peaks of the spectra. Two peaks are observed in a single cluster of the spectrum, which is most obvious in C. These peaks are interpreted as the sodium adduct (higher mass) and the dehydrated sodium adduct (lower mass), respectively. native cellulose-synthesizing activity is very specialized for growing the cellulose chain longer, probably by holding the acceptor cellulose molecule in place during the reaction. This is known as processivity, for which the D,QXXRW motif is hypothetically responsible in CesA and other polysaccharides synthases. 38, 39 The exact function of this motif remains to be clarified. It should be noted that the formation of the cellulose I fibrillar structure has been observed in vitro when plants were used in spite of solubilization by detergent. 5, 19, 40 Thus, it appears that the plant cellulose synthase complex (or TC) remains intact even after solubilization, suggesting that plant is a more promising model for studying cellulose biosynthesis. G. xylinus is still a good model for directly studying cellulose biosynthesis because of its abundant and uncontaminated cellulose synthesizing activity. In plants, large amounts of callose (b-(1?3)-D-glucan) are synthesized in vitro from UDP-glucose and obscure the cellulose-synthesizing activity. 5, 19, 40 This makes it difficult to use plants as models for studying cellulose biosynthesis. The amino acid sequence of the GxCesA protein bears little homology to plant CesA even in the conserved regions: 25% identity and 40% similarity to the conserved regions of AtCesA1 (Arabidopsis thaliana), and 10% identity in the overall sequence. In addition, homologues of GxCesB, GxCesC, and GxCesD are not found in plants or any other cellulose-producing organisms. It is, therefore, necessary to remember that the cellulose synthesis machinery can differ among species. But still it is attractive to use G. xylinus as a model because of its abundant and non-contaminated activity, especially if the system is improved so that the cellulose I microfibril is synthesized in vitro with recombinant proteins. One of the challenges will be the spinning mechanism of cellulose molecules into a microfibril. For silk protein, many studies have been reported to clarify its spinning mechanism, and it is shown that the molecules are in the liquid crystalline state in the gland before the spinning event. 41 Cellulose biosynthesis would be quite important as another example of the spinning with less environmental impact, and G. xylinus will be a suitable model for understanding the detailed mechanism of simultaneous polymerization and crystallization in cellulose biosynthesis.
Experimental
Materials
The vinegar-producing, Gram-negative bacterium Gluconacetobacter xylinus was used to prepare membrane proteins for conducting cellulose synthesis in vitro. The strain used was ATCC53524, supplied by ATCC (American Type Culture Collection). Detergents used were purchased from Dojin, Inc. (Japan) for n-decyl-b-maltoside (DM) and n-dodecyl-b-maltoside (DDM), Anatrace, Inc. (USA) for n-undecyl-b-maltoside (UDM) and Triton X-100, Wako Chemicals Inc. (Japan) for digitonin, and Avanti Polar Lipids Inc. (USA) for 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC).
Antibodies were prepared by immunizing rabbits with hemocyanin-conjugated synthetic peptide corresponding to the sequence of a part of each subunit. The sequence for the immunization was designed based on G. xylinus BPR2001: SGQTQEGKISRAAS for GxCesA (UniProt ID: O82859, the carboxyl-end), SPDLYTWRDRPNK for GxCesB (GenBank: BAA31464, the middle from 411 to 423 amino acid), SGRYQKAGNWTESGA for GxCesC (UniProt ID: O82861, the carboxyl-end) and TRDIDAEDLNS for GxCesD (UniProt ID: P19451, the part corresponding to a5 in the model PDB 3AJ1 36 ).
These sequences are almost the same as those of G. xylinus ATCC53264, the parent strain of ATCC53524 used in this study. The resultant antiserum was affinity purified with the peptide injected to the rabbit being immunized. Preparation of these antibodies was done by Peptide Institute, Inc. (Osaka, Japan) and Scrum, Inc. (Tokyo, Japan).
Avicel and bacterial cellulose (BC) were used for references. Avicel PH-101 was purchased from Fluka. BC was prepared by culturing G. xylinus in Schramm-Hestrin (SH) medium 42 at 28°C without shaking. A portion of these samples was mercerized by soaking them in 5 M NaOH at room temperature for 12 h and then washing. A small amount of BC was dissolved in 5 wt % LiCl in N,N-dimethylacetamide solution with the concentration of about 0.1 wt % at 4°C. The cellulose solution was gently poured into an excess amount of methanol at room temperature, and thus the regenerated cellulose was successively washed with deionzied water. After freeze drying, these samples were used for analyses.
Enzymatic synthesis of c-di-GMP
c-di-GMP (cyclic-di-guanylmonophosphate), an allosteric effecter of the cellulose-synthesizing activity in G. xylinus, 43, 44 was enzymatically synthesized by using diguanyl cyclase (DGC). The DGC used in this study was from Shewanella oneidensis MR-1 (GeneBank ID: NP_717795; hereafter called SoDGC), found by Blastp-search as a homologue of the Vibrio cholerae protein previously shown to have in vitro DGC activity. 45 The genomic DNA of S. oneidensis MR-1 was purchased from ATCC, and the sodgc gene was amplified by PCR using AmpliTaqGold (Applied Biosystems, Inc.). The PCR product was subcloned into pGEM-T easy vector (Promega Inc.), and its nucleotide sequence was verified before directionally inserting it into the pBAD/HisA vector (Invitrogen Inc.) by restriction enzyme digestion and ligation. Purification of recombinant SoDGC, enzymatic c-di-GMP synthesis, and c-di-GMP purification from the reaction mixture were done according to previously published protocols. 43, 45 Briefly, hexahistidine-tagged SoDGC was expressed by Escherichia coli TOP10 strain harboring the expression vector prepared as described above. The cells were lysed with a French cell press, and the lysate was clarified by centrifugation and subjected to Niimmobilized agarose (His-Select, Sigma-Aldrich, Inc.) to purify the recombinant DGC protein. GTP (1 mM) was incubated with 0.1 mg/mL of SoDGC protein to convert GTP to c-di-GMP. The synthesized c-di-GMP was separated from the reaction mixture by anion-exchange chromatography with DEAE-Sepharose (GE Healthcare) and ammonium bicarbonate as the mobile phase. Each fraction was dried at 100°C, and then dissolved in water. The fraction containing c-di-GMP was checked by MALDI-TOFMS (Autoflex III; Bruker Daltonics Inc.) and LC/MS/MS (LCMS-IT-TOF; Shimadzu Co. Ltd.), and its concentration was quantified by UV absorbance with an extinction coefficient of 24,700 at 252 nm. Cultured cells were collected by centrifugation at 5000g for 10 min at 4°C. The cells were suspended in cell suspension buffer (100 mM MOPS, pH 6.7; 2 mM EDTA; 2 mM EGTA) and crushed with a French cell press at 20,000 psi. The lysate was centrifuged at 5000g for 10 min to pellet intact cells and debris, and the supernatant was ultracentrifuged at 100,000g for 1 h at 4°C. The membrane pellet was resuspended in membrane suspension buffer (100 mM MOPS, pH 6.7; 2 mM EDTA; 2 mM EGTA; 10% glycerol). Detergents were added to this suspension to solubilize the membrane protein and cellulose-synthesizing activity. The detergents used were 1% digitonin, 1% Triton X-100, 2% DM, 1.5% UDM, 1% DDM, and 0.5% DHPC. After incubating at 4°C for 30 min, the detergent-containing membrane fraction was ultracentrifuged at 100,000g for 1 h; the supernatant was the detergent extract that contained solubilized cellulose-synthesizing activity. Protein concentrations in the detergent extracts were estimated by using the Protein Dc Assay Kit (Biorad, Inc.) with the sample diluted ten-fold, for ruling out any variable effects that depended on specimens.
Electrophoresis
SDS-PAGE was carried out with precast gel of 5-20% gradient of acrylamide (Supersep 5-20%, Wako Pure Chemicals, Inc., Japan) and freshly prepared gel of 15% acrylamide. Nitrocellulose membrane (Whatman PROTRAN, GE Healthcare Inc.) was used for transferring the electrophoresis pattern from the gel. The membrane after incubation with the first antibody was treated by the antibody against rabbit IgG conjugated with alkaline phosphatase (Promega, Inc.). Finally the band of interest was visualized by coloring substrates for alkaline phosphatase, NBT (nitro blue tetrazolium chloride), and BCIP (5-bromo-4-chloro-3-indolyl phosphate) (Promega, Inc.).
In vitro cellulose synthesis
In vitro cellulose synthesis with the detergent extract was performed with 1 mM UDP-glucose, 10 lM c-di-GMP, 8 mM MgCl 2 , 1 mM CaCl 2 , 20 mM cellobiose, 75 mM MOPS (pH 6.7), 2.5% glycerol, 0.5 mM EDTA, and 0.5 mM EGTA. For estimating the cellulose-synthesizing activity, UDP-D-[U-
14 C] glucose was added to realize 200 lL of the above reaction mixture with a specific radioactivity of 2.3 MBq/mmol. The reaction was incubated for 1 h at room temperature without shaking and stopped by adding 1 mL of ethanol. The ethanol-insoluble product was filtered with a glass fiber filter (Whatman Grade GF/C glass microfiber filter; GE Healthcare), and the trapped radioactivity was quantified with a liquid scintillation counter (TriCarb-2800TR; Perkin-Elmer) in scintillation cocktail (Ultima Gold, Perkin-Elmer). The measured dissociation per minute (dpm) values were converted to the mole of glucose incorporated into the ethanol-insoluble product, or cellulose. The counting was carried out in duplicate. Statistical analysis was performed using Excel 2007 (Microsoft Inc.) with the add-in software Statcel2.
To obtain cellulose for analysis, the reaction was incubated for 18-24 h at room temperature without shaking. The white precipitate was directly transferred to electron microscopy support film for negative staining and cryo-electron microscopy. For the other analyses, the precipitate was collected by centrifugation and washed sequentially in 2% SDS and 2% NaOH at 100°C for 1 h. For electron diffraction, 2% SDS and 0.2% NaOH were used at 70°C for 1 h because the aggregate was too thick with the former condition. The precipitate was then washed thoroughly with water and centrifugation.
Electron microscopy
The reaction mixture was deposited onto carbon film supported by a copper grid that was glow-discharged just before use. For negative staining, 2% uranyl acetate solution was applied to the film and allowed to dry. For cryo-electron microscopy (cryo-EM), 3 lL of the cellulose synthesis reaction mixture was taken out after 3-6 h and directly deposited onto freshly glow-discharged lacy carbon film on a copper grid (Ted Pella, Inc.). After removing the excess liquid by blotting with filter paper, the grid was quickly plunged into liquid ethane at À175°C using KF-80 (Leica GmbH) to obtain a vitreous sample. This flash-frozen reaction was transferred to a cryo-holder (626-DH; Gatan, Inc.) for observation. Electron micrographs of these samples were taken with a JEM-2000EX II (Jeol Co. Ltd.) microscope operated at 100 kV, and a sidemounted CCD camera (MegaView G2; Olympus Soft Imaging Solutions GmbH).
The electron diffraction sample was deposited onto freshly glowdischarged carbon-coated copper grid. A JEM-2000EX II microscope was operated at an accelerating voltage of 100 kV. Electron microdiffraction was carried out with a 20-lm condenser lens aperture inserted, and the first condenser lens was excited maximally (spot size 8). Diffraction diagrams were recorded at the shortest possible camera distance (nominally 15 cm) on MEM film (Mitsubishi Paper Milling Co. Ltd.) and developed with correctol (Fujifilm Corp.) at 20°C for 6 min. The diffractograms on film were digitized with a MegaPlus camera (Eastman Kodak, Inc.), and analyzed with ImageJ to calculate d-spacings from Debye rings; 0.2355 nm for (1 1 1) plane of Au was used as a reference for calibration.
FTIR spectroscopy
Spectrum One system (Perkin-Elmer. Inc.) was used in the attenuated total reflection (ATR) mode. The cellulose suspension was dried on a single-bound diamond probe of the ATR attachment, and the spectra were collected with a range of 4000-400 cm À1 by 16 times of integration. The spectra thus obtained were adjusted with baseline correction, smoothing, and intensity normalization.
X-ray diffraction
The washed cellulose samples were lyophilized and pressed to make tablets. X-ray diffraction diagrams were obtained using a vacuum camera mounted on a rotating anode X-ray generator (Rigaku RU-200BH). Ni-filtered Cu Ka radiation (k = 0.15418 nm) generated at 50 kV and 100 mA was collimated with a 0.3 mm-diameter pinhole. The collimated X-rays were directed at the samples, and ring X-ray patterns were recorded on imaging plates (BAS-IP SR 127, Fujifilm Corp.). The sample-to-imaging plate distance was calibrated using NaF powder (d = 0.23166 nm). The size of the crystallite was estimated from the width at halfmaximum diffraction based on the Scherrer equation with K = 0.9.
MALDI-TOFMS
An Autoflex III instrument (Bruker Daltonics Inc.) was operated in the linear-positive mode. 25 mg/mL of 2,5-dihydroxybenzoic acid (Bruker Daltonics Inc.) dissolved in N,N-dimethylformamide was used as the matrix; 1 lL of the mixture was mixed with 1 lL of the suspension of synthesized cellulose and air-dried on the stainless-steel target plate at room temperature. The operating protocol followed was the manufacturer's protocol for measuring the range of 2000-10,000 kDa. Laser power was adjusted in each sample to obtain ion counting on the order of 10 4 . Calibration was done with polyethylene glycol (PEG)-4000.
Conclusions
This study showed that cellulose-synthesizing activity in the G. xylinus cell membrane can be solubilized by an alkylmaltoside. This is very valuable information because this type of detergent should enhance the possibility of crystallizing the solubilized protein for crystallographic analysis. Although the synthesized cellulose was cellulose II rather than the native cellulose I microfibril as well as the previous studies, it is shown that the synthesized cellulose is a polymer by MALDI-TOFMS. These data suggest that the loss of the spinning function of G. xylinus cellulose synthase may be due to detergent solubilization of the lipid bilayer, and that the synthase itself is not severely damaged.
